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MicroRNAs (miRNAs) are a series of single-stranded non-coding ribonucleic acid (RNA) molecules which
associated closely with various human diseases. Efficient strategies for detecting miRNAs are of great

significance to cancer diagnosis and prognosis. Here we provide a novel nanosystem that can be applied
for the detection of miRNAs. The nanosystem consists of a single-stranded deoxyribonucleic acid (DNA)

probe and a probe carrier. The DNA probe was designed based on a deoxyribozyme (DNAzyme) with

several necessary functional sequences and two fluorescent dyes labeled at proper sites. The
ZnO@polydopamine (ZnO@PDA) nanomaterial serves not only as a probe carrier, but also as a supplier
of Zn?* that can activate the DNAzyme. The DNA probe will undergo a conformation alteration induced

by miRNA-21, which then trigger the DNAzyme catalyzed self-cleavage reaction with the assist of Zn*

provided by ZnO decomposition under weak acid environment. A change of fluorescent color will occur

due to the interruption of fluorescence resonance energy transfer between the two fluorescent dyes,
and the dissociated miRNA-21 can repeatedly induce the above responses to amplify the fluorescence
signal. The feasibility of the whole procedure was demonstrated by various experiments. This
nanosystem showed a good selectivity towards miRNA-21, and under the optimal incubation time of 2
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hours, a good linear relationship was obtained in a concentration range of 0.01-2.0 nM with a detection

limit of 3.8 pM. In in vivo detection, an obvious fluorescence color change from red to green can be
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1 Introduction

MicroRNAs (miRNAs) are a series of single-stranded small
molecules (approximately 19-23 nucleotides) of non-coding
RNA. They serve as crucial regulatory factors in gene expres-
sion and play important roles in various cellular processes."* In
particular, increasing evidence suggests that dysregulation of
miRNA expression is closely associated with various human
diseases, such as cancer, and so miRNAs have become
biomarkers for cancer diagnosis and prognosis."*~* Therefore,
accurate and sensitive detection of miRNAs, especially in situ
monitoring of miRNA expression in living cancer cells is of great
significance.®® However, due to the low abundance of miRNAs
in cells and the complex in vivo environment, the development
of effective signal amplification strategies is indispensable for
intracellular miRNA imaging.***
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observed in the presence of miRNA-21. The results proved that this miRNA detection strategy has
a broad application prospect in tumor diagnosis and miRNA related biological studies.

Deoxyribozymes (DNAzymes) are a class of single-stranded
DNA fragments with catalytic function, which have high cata-
Iytic activity and structure recognition ability. The RNA-cleaving
DNAzymes are the most well studied DNAzymes. An RNA-
cleaving DNAzyme usually contain a catalytic domain and two
substrate recognition domains, and the substrate recognition
domains contain the necessary nucleotide sequence for specific
binding to the substrate. DNAzymes known as 8-17 and 10-23
were originally isolated to cleave the phosphodiester bond of an
all-RNA substrate,'>'® while some other DNAzymes, such as 17E,
GR-5, 39E and NaA43 were isolated to cleave an adenine ribo-
nucleotide (rA) embedded in an otherwise all-DNA
sequence.""”?° The activities of DNAzymes generally require
metal ions as cofactors since metal ions are important for the
creation of stable structures of DNA, and many DNAzymes are
specific or highly selective for a given metal ion, such as Pb*",
Mg>*, Cu®’, and Zn**, etc.* DNAzymes that are dependent on
specific amino acid have also been reported.> Furthermore,
same as the protein enzymes, DNAzymes can also be rationally
designed to respond to specific targets.”*?**

DNAzymes have broad application prospects in the design of
biosensors and nanoprobes owing to the advantages of good
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stability, low non-specific adsorption, and easy to design, etc.*®
They have been studied for direct or indirect sensing of various
analytes, including metal ions, toxic gases, nucleic acids,
proteins, and bacteria, etc.>>® Particularly, the unique catalytic
mechanism of DNAzymes makes them excellent signal ampli-
fiers for highly sensitive detections of low abundance targets.
Over the past few years, quite a few DNAzyme-based amplifying
sensing platforms have been built. For example, Wen et al.
constructed a molecular machine for DNA amplification
detection by combining molecular beacons with DNAzymes
catalytic beacons and rolling ring amplification technology.* As
another example, an amplified fluorescence biosensing strategy
for serum prostate specific antigen detection was developed
based on Zn>*-dependent DNAzyme.*® Such an advantage of
DNAzymes-based biosensing techniques meet well with the
requirements of miRNAs detection since they are typical low
abundance analytes. However, most of these methods are
limited to the detection of target miRNAs in the extracellular
environment and can rarely be applied in living cells.>* In
particular, DNAzymes based intracellular sensors have been
poorly studied in miRNA imaging. Therefore, it is necessary to
develop new signal amplification techniques based on DNA-
zymes for the detection of low abundance miRNAs in cells.

In order to achieve intracellular detection of miRNAs,
methods that can effectively deliver detection probes to the
cytoplasm of living cells are also required. Since common
nucleic acid probes cannot penetrate cell membranes, various
nanomaterials are commonly used to deliver DNA probes
through cellular endocytosis.**** In this research, a unim-
olecular probe was designed and synthesized for the in vivo
detection of miRNA. The unimolecular consists of a Zn>'-
dependent 17E DNAzyme,'® its substrate sequence, and a target-
binding sequence, and together these sequences form an intact
hairpin structure. The hairpin structure of unimolecular will be
opened by the hybridization of target-binding sequence and
target miRNA to active the DNAzyme, and then the substrate
sequence will be cleaved by DNAzyme to lead to the excitation of
fluorescence signal. Furthermore, by using biodegradable ZnO
as the core and biocompatible polydopamine (PDA) as the shell,
the ZnO@PDA core-shell nanostructures were synthesized as
carriers to transport probes into cells. Since ZnO can be
degraded into Zn>* under weak acid condition, the degraded
Zn>" can act as the activator of the DNAzyme, and so there is no
need to add additional Zn®>*. Based on signal amplification,
background interference was effectively reduced, and highly
sensitive detection of miRNA-21 (ref. 36) in cells was achieved.
This method has broad application prospects in tumor diag-
nosis and miRNA related biological studies.

2 Experimental
2.1 Chemicals and materials

The DNAzyme containing probe and miRNAs are all synthesized
by Sangon Biotech (Shanghai) Co., Ltd. The sequences of the
oligonucleotides are listed in as follows:

Probe: 5-CAAAAAAACATCAGTATrIAGGACTTTTTTTTTGTCT
CCGAG-CCGGCTGAAATATGATAAGC-3'
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F-DNA: 5-CAAAAAAACATCAGTATrAGGACTTTTTTTTTGTCT
CCGAG-CCGGCTGAAATATGATAAGC-3’

The bold underlined C is modified by a carboxyfluorescein
(FAM) group, while the bold underlined G is modified by a car-
boxy tetramethyl rhodamine (TAMRA) group. The italic rA is the
cleavage site of DNAzyme.

miRNA-21: 5'-UAGCUUAUCAGACUGAUGUUGA-3'

miRNA-21b: 5'- UAGUUUAUCAGACUGAUAUUUCC-3'

miRNA-let-7a: 5'-UGAGGUAGUAGGUUGUAUAGUU-3’
miRNA-141: 5'-UAACACUGUCUGGUAAAGAUGG-3’

Nano zinc oxide (ZnO) nanoparticles, dopamine, tris,
sodium hydroxide (NaOH) and other chemical reagents are
analytically pure and purchased from Sigma-Aldrich (USA). The
Dulbecco's modified Eagle's medium (DMEM), RPMI-1640
medium, and fetal bovine serum (FBS) are purchased from
Thermo Fisher Scientific Inc. The antibiotics and Gel Red
nucleic acid dye are purchased from Beijing Solarbio Science &
Technology Co., Ltd. All the water used in the experiment was
ultra-pure water.

2.2 Instruments

The morphologies of all samples were recorded by a JEM-2100
high-resolution transmission electron microscope with an
accelerating voltage of 200 kV (Hitach, Japan). The hydrody-
namic sizes and Zeta potentials were measured by a Zetasizer
Nano-ZS analyzer (Malvern Instruments, Malvern, UK). UV-vis
absorption spectra were assayed using a UV-5800 UV-vis spec-
trophotometer (METASH, China). Fluorescence spectra were
assayed using an F-7000 spectrometer (Hitach, Japan). Confocal
images were taken on an FV1000 confocal laser scanning
microscope (Olympus, Japan).

2.3 Preparation of ZnO@PDA

10 mg Dopamine was dissolved in 10 mL newly formulated Tris-
HCI buffer (pH 8.5) to a concentration of 1 mg mL™'. The
commercially available ZnO nanoparticles was prepared into
a1 mg mL~" ZnO solution, and 1 mL ZnO solution was added to
10 mL dopamine solution (the molar ratio of dopamine to ZnO
was approximately 5:1). After continuous stirring at room
temperature for 1 h, the PDA shell was formed on the ZnO
surface by self-polymerization of dopamine. The prepared
ZnO@PDA was centrifuged (15000 rpm, 10 min) and washed
with equal volume of ultrapure water for 5 times, and then was
dried at 100 °C to obtain the core-shell material. The ZnO and
ZnO@PDA nanoparticles were imaged by a JEM-2100 high-
resolution transmission electron microscope with an acceler-
ating voltage of 200 kV. The hydrodynamic sizes and Zeta
potentials of the ZnO and ZnO®@PDA nanoparticles were
measured by a Zetasizer Nano-ZS analyzer. The UV-vis absorp-
tion spectra of ZnO nanoparticles solutions were recorded with
a UV-5800 UV-vis spectrophotometer.

2.4 Preparation of probe

The designed functional probe was synthesized by Sangon
Biotech (Shanghai) Co., Ltd. Quantitative Tris-HCI buffer (pH
8.5) was added to prepare the probe to a concentration of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10~* M, and the probe was diluted to the required concentra-
tion according to subsequent experiments. The designed probe
was annealed by first heating to 95 °C and then cooling natu-
rally to 37 °C to form the desired hairpin structure. The
ZnO@PDA nanoparticles solution (0.1 mg mL ") was mixed
with the annealed probe solution (10~* M) with a volume ratio
of 1:10. The mixture was stirred at room temperature for 1 h,
and then was centrifuged at 15 000 rpm for 10 min to remove
excess probes and obtain the ZnO@PDA/probe nanosystem.

2.5 Polyacrylamide gel electrophoresis

Polyacrylamide gel (7.5%) electrophoresis was employed to
verify the cleavage reaction in the absence and presence of
miRNA-21. Gel stock solution was prepared by dissolving 7.3 g
acrylamide and 0.2 g bis(N,N'-methylene diacrylamide) in 25 mL
ultrapure water. To prepare the polyacrylamide gel, 4 mL
prepared gel stock solution, 8 mL ultrapure water, 4 mL Tris-
HCI buffer (1.5 M, pH 8.8), 150 pL (NH,),S,05 (10%, w/v), and
15 pL N,N,N',N'-tetramethylethylenediamine (TEMED) were
added successively to the a beaker and mixed. The mixture was
poured into a gel casting stand. After the samples were loaded,
the gel was electrophoresed for 30 min at 135 V and then
stained with Gel Red dye for 1 h away from light. For the
cleavage reaction, hp DNA, miRNA-21, and Zn** were added to
Tris-HCI buffer (pH 8.5) to concentrations of 200 nM, 200 nM,
and 500 nM, respectively, if they are needed in specific reaction
systems. The reaction systems were incubated at 37 °C for 3 h.

2.6 Fluorescence assay

To study the effect of incubation time on in vitro miRNA-21
detection, the probe was dissolved into Tris-HCl buffer at
a concentration of 200 nM. After annealing, the probe solution
was mixed with miRNA-21 solution with a concentration of
20 nM, and Zn*" was added to a concentration of 500 nM. The
fluorescence spectrum of the mixture was scanned at certain
interval times. To study the effect of target concentration on in
vitro miRNA-21 detection, different concentrations of miRNA-21
(0 nM, 0.01 nM, 0.05 nM, 0.25 nM, 0.5 nM, 0.8 nM, 1.2 nM,
2.0 nM, 20 nM, 80 nM, and 200 nM) were mixed with 200 nM
probe. Zn** was added to the system to a concentration of
500 nM and the mixtures were incubated at 37 °C. After 2 hours,
fluorescence spectrum assay was performed. The detections of
other miRNAs are similar to that of miRNA-21, while the
concentrations of miRNAs were uniformly set at 200 nM. The
fluorescence was measured with excitation at 490 nm (for the
assay of TAMRA alone, the fluorescence was measured with
excitation at 545 nm). For the assay of Fpam/Framra, the fluo-
rescence excitation wavelength was 490 nm, and the emission
wavelength for FAM or TAMRA was 522 nm or 580 nm,
respectively.

2.7 Cytotoxicity assay

L-02 cells were inoculated into a 96-well plate and cultured in
RPMI-1640 supplemented with 10% fetal bovine serum (FBS),
penicillin (100 ug mL™") and streptomycin (100 pg mL ") at 37 ©
C in a humidified atmosphere containing 5% CO, for 24 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Then half of the culture medium was removed and replaced
with new medium containing ZnO@PDA/probe (40 pg mL™")
and the cells were incubated for a certain time (0, 6, 12, 18, or 24
h). Subsequently, MTT solution (0.5 mg mL™") was added to
each well and the cells were incubated for another 4 h. After the
MTT solution was removed, 150 uL of DMSO was added to each
well and the plate was shaken gently for 10 min. The absorbance
at 490 nm was measured to evaluate the cell viability.

2.8 Live cell miRNA imaging

The MCF-7 and L-02 cells were cultured according to the
procedure reported previously.*” MCF-7 cells were cultured in
DMEM supplemented with 10% fetal FBS, penicillin (100 pg
mL ™) and streptomycin (100 ug mL™ ). L-02 cells were cultured
in RPMI-1640 with 10% FBS, penicillin (100 pg mL™') and
streptomycin (100 pg mL ') in a humidified atmosphere con-
taining 5% CO, at the temperature of 37 °C. For the fluores-
cence imaging of miRNA-21, 10 pL of the ZnO@PDA/probe
nanosystem (0.2 mg mL ") was added to 90 uL cell cultures and
the mixtures were incubated for 2 h at 37 °C. Then, the cells
were washed three times with Tris-HCl buffer (pH 8.5) and
fluorescence images were obtained using a confocal laser
scanning fluorescence microscope.

3 Results and discussion
3.1 Probe design and detection strategy

As shown in the schematic (Fig. 1), the single-stranded DNA
probe designed in this work consists of the following parts:
a DNAzyme sequence (red), a substrate sequence containing
a rA cleavage site (green), a complementary sequence of target
miRNA (divided in to two parts, blue), and two linker sequences
(vellow). All these parts were linked together as a unimolecular
probe. The DNAzyme sequence was designed based on the 17E
DNAzyme, which has long been applied in biosensing studies.”
Although 17E DNAzyme can utilize several metal ions, such as
Pb>", zn**, Mn**, Co**, and Mg*", etc., as a cofactor, only Pb>*
and Zn>" were proved to induce strong activity of it'>%%,
However, since Pb>" is generally recognized as highly toxic to
cells, Zn>" was selected as the activator of 17E DNAzyme, which
is compatible with the nanomaterial designed in this work. The
complementary sequence of target miRNA was designed based
on the sequence of miRNA-21, a diagnostic prognostic and
therapeutic marker for cancer***®, while it is possible to be
substituted towards other targets. The two linker sequences
contain poly T and poly A, respectively, and they could anneal to
cause the entire probe to form a hairpin-locked structure.
Moreover, at the 5 -end of the probe, a cytosine ahead of poly A
was modified with green fluorescent dye FAM, and at the middle
of the probe, a guanine was modified with red fluorescent dye
TAMRA. In the state that the hairpin-locked structure is formed,
TAMRA was close to FAM, and thus the fluorescence resonance
energy transfer (FRET) process occurred, leading to the decrease
of green fluorescence and increase of red fluorescence.

As a carrier that transport probes into cells, ZnO@PDA core—-
shell structure material was synthesized by using dopamine

RSC Adv, 2024, 14, 13351-13360 | 13353
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Fig. 1 Schematic illustration of the ratiometric fluorescence imaging strategy for miRNA-21 based on ZnO@PDA/probe nanosystem. The
nucleotide sequences in the red interrupted line boxes show the secondary structures of free single-stranded DNA probe (upper left) and of the
probe binding to miRNA-21 (lower right), and rA (red letter) indicates the cleavage site of DNAzyme. The green or red balls indicate the FAM or
TAMRA fluorophore, and a ball with blurred edge indicates that the fluorophore is in an excited state. Repeated self-cleavage reaction of the
probe induced by miRNA-21 in cells will cause the FAM signal to increase and the TAMRA signal to decrease continuously.

self-polymerization on ZnO surface at pH 8.5. Due to mw-T
stacking and hydrogen bonding, the probes could be adsorbed
on the surface of ZnO@PDA and then be transported into the
cell through cellular endocytosis. After entering the cell, the
ZnO cores will be decomposed into Zn®" under the action of
intracellular lysosomes, leading to the dissociation of probes
and the delivery of probes into the cytoplasm. When the target
miRNA (purple) is present, it will combine with its comple-
mentary sequence in the probe and open the hairpin to form the
active secondary structure of the DNAzyme. Meanwhile, the
change of secondary structure will lead to the exposition of
cleavage site (rA) in the substrate sequence to the catalytic core
of DNAzyme, and then the DNAzyme activated by Zn”>* will
cleave the self-strand to divide the probe into two fragments.
After the cleavage, the green fluorophores FAM carried by the
shorter fragment moves far away from the red fluorophores
TAMRA carried by the longer fragment, and the interruption of
FRET channel will cause the green signal to recover and the red
signal to attenuate. Since the complementary sequence of target
miRNA is also separated by the cleavage, its affinity to target
miRNA will reduce, and the released miRNA continues to
combine with other probes to undergo the above reaction. The
reaction cycle enhances the green signal and weakens the red
signal continuously, which could achieve the ratio fluorescence
monitoring of miRNA in cells. Compared with traditional

13354 | RSC Adv, 2024, 14, 13351-13360

methods for miRNA detection, this technique that combined
the DNAzyme assisted circulatory signal amplification with
ZnO@PDA core-shell structure is not only conducive to the
transmission of probes into cells, but also independent of
additional cofactor to activate DNAzymes. Furthermore, ratio-
metric fluorescence technology is used to effectively reduce the
interference of background signals.

3.2 Synthesis and characterization of ZnO@PDA

To deliver the probes into the live cells efficiently, a suitable
carrier material is needed. In this study, ZnO@PDA core-shell
nanomaterial was selected as probe transport carrier. The ZnO
nanoparticles has the advantages of low cost and low toxicity to
cells, and more importantly, it coordinates well with the Zn**-
dependent DNAzyme used in the probe since it can be
completely decomposed to provide Zn** in aqueous solution
under acidic conditions.* The cellular endocytosis will deliver
the ZnO nanoparticles into lysosome, which has an acid
microenviroment (pH 4.5-5.0) and can trigger the decomposi-
tion of ZnO.** The PDA shell of the nanomaterial provides an
outer layer for the adsorption of DNA probes owing to its
abundant catechol and amino groups. Furthermore, its
biocompatibility will further facilitate cellular endocytosis of
the material.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The synthesized ZnO@PDA was firstly characterized by
transmission electron microscopy (TEM). Compared with that
of ZnO nanoparticles (ZnO NPs) (Fig. 2A), an outer layer with
lower grayscale surrounding the particles can be seen on the
TEM image of ZnO@PDA (Fig. 2B), indicating that the ZnO NPs
has been coated by the PDA shell. Moreover, the dynamic light
scattering (DLS) results showed that the dispersed ZnO NPs has
a size smaller than that of PDA coated ZnO. The hydration
radiuses of ZnO NPs and ZnO@PDA were estimated to be 43.8 +
3.2 nm and 54.7 £ 3.7 nm, respectively (Fig. S11), which also
prove that the ZnO core has been successfully coated by the PDA
shell. It is notable that this size is within the range that can be
taken up by cells, and so ZnO@PDA can be used as a carrier to
transport probes into cells.

The self-polymerization of dopamine and absorbance of
DNA probe on the surface of nanomaterial could cause the
decrease of Zeta potential.** So, we also used Zeta potential to
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characterize ZnO@PDA carrying probe DNA. As shown in
Fig. 2C, the Zeta potential of ZnO NPs was —16.8 £+ 0.8 mV,
which became more negative after dopamine was self-
polymerized on ZnO surface (—22.4 £+ 0.9 mV), and this
change may be due to the hydroxyl groups exposed on the
surface of PDA. When the hairpin-locked probe DNA (hp DNA),
as negatively charged molecules, were adhered to the
ZnO@PDA surface by m-m stacking, the Zeta potential
decreased further to —26.7 £ 1.2 mV. These results validate the
successful construction of ZnO@PDA nanomaterial and its
adsorption of DNA probes.

Meanwhile, the ability of ZnO@PDA nanomaterial to protect
DNA probes against nuclease was tested. A single-stranded DNA
similar to the probe but was only labeled with FAM at the 5'-end
(F-DNA) was synthesized, and the F-DNA in free state or
adsorbed by ZnO@PDA was incubated with DNase I, respec-
tively. It can be seen in Fig. 2D that F-DNA exhibited

o !

PDA shell

/4

——F-DNA

—— F-DNA+DNase |
ZnO@PDA/F-DNA
ZnO@PDA/F-DNA+DNase |

FL Intensity (a.u.)

/—\

1 1 1 T
500 525 550 575 600
Wavelength (nm)

Fig.2 The formation of ZnO@PDA core-shell nanostructure and its ability to adsorb DNA probe and protect it against nuclease. (A) TEM image
of ZnO nanoparticles. (B) TEM image of ZnO@PDA. Red arrows indicate the PDA shell (outer layers surrounding the particles with lower
grayscale). (C) Zeta potential of ZnO, ZnO@PDA or ZnO@PDA/hp DNA. (D) Fluorescence spectra of F-DNA, ZnO@PDA/F-DNA, and F-DNA,
ZnO@PDA/F-DNA treated with DNase |. Blue and pink lines indicate that the fluorescence of F-DNA was quenched by ZnO@PDA, and did not
recover upon the treatment of DNase |, indicating the F-DNA adsorbed by ZnO@PDA was not digested by DNase .
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a fluorescence peak at about 520 nm, and the DNase I digested
free F-DNA exhibited a similar fluorescence spectrum. When F-
DNA was adsorbed by ZnO@PDA, its fluorescence was
quenched by the nanomaterial. The incubation of ZnO@PDA/F-
DNA complex with DNase I did not cause the recovery of fluo-
rescence. The results prove that ZnO@PDA can efficiently
protect the DNA probe from being digested by nuclease. This
protection effect might be attributed to the tight combination of
the probe and the ZnO@PDA nanomaterial, which produce
steric hindrance on the surface against DNase I. The ability of
ZnO@PDA to protect DNA probes will facilitate the system to be
applied in complex intracellular environment.

3.3 Feasibility of ratiometric fluorescence assay for miRNAs

In order to verify the feasibility of utilizing the probe to achieve
ratiometric fluorescence assay for miRNAs, several experiments
have been conducted. First, fluorescence assay was applied to
verify that the fluorescence of probe will change as expected.
Two fluorescent dyes with distinct colors, FAM (green) and
TAMRA (red), have been labeled at different sites of the probe
sequence. As shown in Fig. 3A, the individual FAM (green dotted
line) exhibited a fluorescence emission peak at about 520 nm,
while the individual TAMRA (red dotted line) exhibited a fluo-
rescence emission peak at about 580 nm. The formation of
hairpin-locked structure of probe brought the two fluorescent
dyes close to each other and led to the occurrence of FRET
process. Consistently, the fluorescence emission spectrum of
hp DNA (amaranth line) was generally formed by the superpo-
sition of FAM and TAMRA spectra, while the TAMRA emission
peak was obvious and the FAM emission peak was rather low.
When the hp DNA, target miRNA and Zn>" were incubated
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together, the activity of DNAzyme was induced by the target with
the assist of Zn>". The self-cleavage reaction led to the dissoci-
ation of FAM labeled fragment from the probe, and the inter-
ruption of FRET process resulted in an increased FAM emission
at 520 nm accompanied with a decreased TAMRA emission at
580 nm (green line). As a control, the hp DNA incubated with
only Zn** (orange line) exhibited no significantly change
compared to that of individual hp DNA, indicating that such
a change of fluorescence emission spectrum was inseparable
from the action of target miRNA.

Next, the gel electrophoresis was also performed to verify the
self-cleavage reaction of probe DNA triggered by target miRNA
and Zn**. As shown in Fig. 3B, the bands in lane 1 and lane 2
with different sizes correspond to the individual hp DNA or
target miRNA, respectively. When they were mixed, a band with
a size larger than either of them was detected (lane 3), indi-
cating the combination of probe DNA and target miRNA. When
only hp DNA and Zn** were added to the system (lane 4), the
conformation of hp DNA did not change and presented a band
similar to lane 1. When all of hp DNA, Zn** and target miRNA
were mixed together (lane 5), two bands were detected, corre-
sponding to the two products of self-cleavage reaction of the
probe. This result further validates the feasibility of this strategy
for miRNA detection.

The ZnO@PDA core-shell nanomaterial was used as a carrier
to carry the probes into cells in this research. The nanomaterial
will be transported into lysosome that has a weak acidic envi-
ronment, and the ZnO core is expected to be degraded to Zn**
under this condition to provide cofactors for the activation of
DNAzyme. In order to validate this expectation, ZnO was added
to the buffer of different pH (5.0, 5.5, 6.0, 6.5, 7.4) and the

+ hp DNA
Target
Zn*

B+-++

-+ o+ -+
- = =+ o+

Fig. 3 Verification of the target miRNA induced and Zn?* assisted self-cleavage of DNA probe. (A) Fluorescence emission spectra of FAM,
TAMRA, hp DNA, hp DNA incubated with Zn?*, and hp DNA incubated with both miRNA-21 (target) and Zn®*. The fluorescence spectrum of hp
DNA was similar to that of TAMRA, while in the presence of both miRNA-21 and Zn?*, its spectrum became similar to that of FAM. (B) Native
polyacrylamide gel electrophoresis of different reaction systems. The '+’ or '—' indicates the presence or absence of specific components. Only
when both miRNA-21 (target) and Zn?* were present, the conformation of hp DNA was altered and the self-cleavage reaction was triggered, as

indicated by the two bands observed in lane 5.
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Fig. 4 Verification of ZnO decomposition in acidic environment to provide Zn?*. (A) UV absorbance assay of ZnO solutions at different pH. The
UV absorption peak of ZnO nanoparticle solution at about 370 nm decreased significantly with the decrease of pH due to the decomposition of
ZnO. (B) Fluorescence intensities of ZNO@PDA/F-DNA solutions at different pH. As the pH decreases, the decomposition of ZnO and release of
F-DNA were enhanced, resulting in an increase in fluorescence intensity.

absorbances of solutions were recorded. As shown in Fig. 4A,
after being placed under room temperature for 60 min, the UV
absorption of ZnO at about 370 nm exhibited significant
differences with changes in pH, proving that the decomposition
of ZnO was enhanced with the increase of acidity. The UV
absorbance changes at 370 nm of these solutions as a function
of time were also recorded. It can be seen in Fig. S2t that ZnO
remained stable at pH 7.4 for 120 min, while more than 80% of
ZnO was decomposed into Zn>** after 60 min at pH 5.0.
Fluorescence assay was also applied to validate the decom-
position of ZnO. The fluorescence of F-DNA was quenched due
to the FRET to PDA when F-DNA was adsorbed on the surface of
ZnO@PDA. When the ZnO@PDA/F-DNA system was added to
buffer with different pH, the fluorescence of F-DNA recovered in
acidic environment, and the recovering of fluorescence became
stronger with the gradual decrease of pH (Fig. 4B). This result
indicates that the ZnO@PDA nanostructure collapsed and the F-
DNA molecules were released in acidic environment due to the
decomposition of ZnO. According to the change trend of
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fluorescence intensity, most fluorescence recovered after
60 min (Fig. S31), which is consistent with the results of ZnO UV
absorption assay. These results demonstrate the feasibility of
ZnO core as a supplier of Zn”* to activate DNAzyme in the cells.

3.4 Detection of miRNA-21 in vitro

The probe designed in this work is specific to miRNA-21. This
microRNA has been demonstrated to have a potential onco-
genic function and target tumor inhibitor proteins in almost all
types of cancer, and it has been studied in terms of cell prolif-
eration, migration, invasion, metastasis, and apoptosis regula-
tion.** The expanding role of miRNA-21 makes the development
of its detection technology important. Nevertheless, the speci-
ficity of probe is determined by the complementary sequence of
target (Fig. 1), and so the detection target can be easily changed
by sequence replacement. To achieve efficient detection of the
target, the effects of incubation time and target concentration
on detection were optimized. Fig. 5A shows that with the
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Fig.5 Effects of incubation time and target concentration on in vitro miRNA-21 detection. (A) Fluorescence spectra of the probe incubated with
miRNA-21 with the increase of incubation time. The probe and miRNA-21 were incubated together at a concentration of 200 nM and 20 nM,
respectively, and the fluorescence spectrum was scanned periodically. (B) Fluorescence spectra of the probe incubated with different
concentrations of miRNA-21. The concentration of probe was 200 nM, and after 2 hours of incubation, the fluorescence spectra were scanned.
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Fig. 6 Verification of the specificity of the probe for miRNA-21. The
miRNA-21b has a high sequence similarity while miRNA-let-7a and
miRNA-141 have low sequence similarities to miRNA-21. The Feam/
Framra ratio indicates the efficiency of miRNA to trigger the self-
cleavage reaction of DNA probe. The concentrations of probe DNA,
target miRNAs, and Zn?* were 200 nM, 200 nM, and 500 nM,
respectively.

increase of incubation time, the red fluorescence decreased
while the green fluorescence increased continuously due to the
cyclic self-cleavage reaction, and the fluorescence recovery
basically reached saturation after incubation for 2 hours
(Fig. S4t). Fig. 5B shows that under the same incubation time (2
h), the increase of miRNA-21 concentration also led to the
decrease of red fluorescence and increase of green fluorescence.
The detection results of miRNA-21 showed a good linear rela-
tionship (R* = 0.9946) in a concentration range of 0.01-2.0 nM,
and the detection limit was estimated to be 3.8 pM (Fig. S51).

On the other hand, the ability of probe to distinguish
different miRNAs is critical to its performance in practical
applications. To verify the selectivity of the probe to miRNA-21,
we selected miRNA-21b**, which has relative high sequence
similarity to miRNA-21, and two completely different miRNAs
(miRNA-let-7a** and miRNA-141 (ref. 46)) as controls. Although
there are five base differences between miRNA-21 and miRNA-
21b, only two of them are in the regions that are complemen-
tary to probe sequence. Fig. 6 shows that as judged by the ratio
of FAM to TAMRA fluorescence intensity, the technique has
good selectivity towards miRNA-21, and even two base differ-
ences with miRNA-21 can be identified, which confirms the
ability of this technique to detect miRNA-21 in complex cellular
environments.

3.5 Imaging of intracellular miRNA-21

After demonstrating the ability of the probe to detect miRNA-21
in vitro, the ZnO@PDA/probe system was investigated for intra-
cellular miRNA-21 imaging. First, an MTT assay was used for
testing the toxicity of the ZnO@PDA/probe nanosystem towards
L-02 cell (normal human hepatocyte cell). The result shows that
more than 90% of the cells remained viable after 24 hours of
incubation with ZnO@PDA/probe, thus proving that the
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Fig. 7 Laser confocal microscope images of MCF-7 and L-02 cells
incubated with ZnO@PDA/probe nanosystem. For MCF-7 cells in
which miRNA-21 is over-expressed, FAM signal (green) was observed
without detectable TAMRA signal (red). While for L-02 cells in which
miRNA-21 is absent, only TAMRA signal was observed. The excitation
wavelength was set at 490 nm, and fluorescence signals were
collected at 500—-550 nm for green channel and 570—650 nm for red
channel. Scale bar is 20 pm.

nanosystem could be applied to intracellular fluorescence
imaging (Fig. S6T). The human breast adenocarcinoma cell
(MCF-7) and L-02 cell with different miRNA-21 expression levels
were selected for the intracellular miRNA-21 assays. miRNA-21
has been reported to over-express in MCF-7 cells but has a low
expression level in L-02 cells.’” After being incubated with the
ZnO@PDA/probe for 2 h, the cell cultures of MCF-7 and L-02
were imaged by laser confocal microscope. As shown in Fig. 7,
the green fluorescence signal was obivious while the red fluo-
rescence signal was basically undetectable for MCF-7 cells,
indicating the ZnO@PDA/probe system was endocytosed into
cells and the Zn**-dependent self-cleavage reaction of released
probes was successfully activated by the combination of intra-
cellular miRNA-21. In contrast, only red fluorescence signal
could be observed for L-02 cells. Although the ZnO@PDA/probe
system was also endocytosed into L-02 cells, the released
probes kept their hairpin-locked structure in the absence of
intracellular miRNA-21. These results were consistent with those
previously reported for miRNA-21 expression levels in MCF-7 and
L-02 cells, and moreover, they demonstrated that this method
can monitor the expression of miRNA-21 in cells, which is of
great significance for the diagnosis and treatment of cancer.

4 Conclusion

In this work, a ZnO@PDA/probe nanosystem used for miRNA-21
detection was designed and characterized. A single-stranded
DNA containing a Zn>*-dependent DNAzyme, its substrate
sequence, and a target-binding sequence was used as the
detection probe. The ZnO@PDA core-shell nanomaterial acts as
a carrier and protector of probes. The successful construction of
ZnO@PDA was verified by TEM imaging and DLS analysis. Zeta
potential analysis proved the adsorption of DNA probe by
ZnO@PDA, and it can effectively protect DNA probe from being
digested by nuclease. Under weak acidic environment similar to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that in lysosome, the ZnO was proved to decompose to provide
Zn”". The results of fluorescent scanning and gel electropho-
resis showed that the self-cleavage reaction of probe was trig-
gered by miRNA-21 with the assist of Zn>*, and as expected, the
fluorescent color of probe changed from red to green. Further-
more, the change in fluorescence color became more obvious
over time, indicating that the reaction can be triggered repeat-
edly to achieve ratiometric fluorescence detection of miRNA-21.
The nanosystem showed a good selectivity towards miRNA-21
and low cytotoxicity, and its detection limit was as low as 3.8
PM. In in vivo detection, an obvious fluorescence color change
from red to green can be observed in the presence of miRNA-21,
as indicated by laser confocal microscope scanning. The
ZnO@PDA/probe system developed in this work for miRNA-21
detection has the advantages of high sensitivity, strong speci-
ficity, low background interference, and good biocompatibility.
Moreover, since the detection target of this nanosystem can be
changed by simply substitute the complementary sequence of
miRNA, the nanosystem can be applied in the detection of other
miRNA targets. Above all, this strategy has broad application
prospect in tumor diagnosis and miRNA related biology
research.
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